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Abstract 
In the frame of the heterogeneous transmutation of minor actinides in MABB (Minor Actinides Bearing-Blanket) fuels, the 
CEA program DIAMINO aims to assess the influence of americium content and microstructure on helium release and fuel 
swelling. For DIAMINO experiment, four sets of U1-xAmxO2±G ceramic fuels, namely two compositions (x = 0.075, 0.15) and 
two microstructures (highly dense: > 95%TD, and highly porous: < 85%TD), were produced in the ATALANTE facility 
following innovative preparation methods. Pellets were further characterized by several techniques and were all found to be in 
full compliance with the strict specifications required for such irradiation programs.  
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1. Introduction 
In order to reduce the radiotoxicity of nuclear wastes, MA recycling by transmutation into short-lived elements 
is currently explored [1]. Among the modes considered to perform MA transmutation [2,3], the heterogeneous 
mode consists of integrate MA in relatively high concentration (from 7 to 20 wt.% of the heavy metals) in 
specific UO2-based fuels. They are known as Minor Actinide Bearing Blankets (MABB), because of their 
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peripheral arrangement in the reactor core [3]. As among MA coming from UOX spent fuel, americium presents a 
relative abundance and a high activity, heterogeneous mode research is currently focused on Am recycling in 
U1-xAmxO2±G fuels. 
The French DIAMINO analytical irradiation program in the OSIRIS reactor (CEA, Saclay) takes part in this 
field of research. Its main objective is to assess the influence of the composition and of the microstructure on He 
release and fuel swelling, by performing the irradiation of U1-xAmxO2±G discs. One particular goal is to verify that 
the open porosity network can reduce the fuel swelling due to He release. A comparative study of the behavior 
under irradiation of highly porous and highly dense pellets is thus needed. In this aim, four sets of samples 
corresponding to two compositions (x = 0.075, 0.15) and two microstructures (dense or tailored porosity) are to 
be produced in full compliance with DIAMINO’s requirements. However, the inability to achieve highly dense 
pellets which does not present a significant degree of open porosity [3] have rendered the comparison between 
dense and porous samples tricky. A brand-new fabrication process, called UMACS (Uranium Minor Actinides 
Conventional Sintering) [4], has thus been employed in order to overcome this limitation. In parallel, the porous 
samples were fabricated following a well-tried process [3,5-7] which gives a reliable way to prepare pellets 
exhibiting large open-porosity networks. As this later process has been previously described, and as the 
presentation of UMACS process is detailed in this journal issue [8], this paper will first strives to detail the 
fabrication of the DIAMINO ceramic fuels (Chapter 2) and then presents their characterization (Chapter 3).  
2. DIAMINO disc fabrication 
2.1. Starting powders characteristics 
UO2+į and AmO2-į batches powders are the same as those previously used for MARIOS samples fabrication 
[3]. U3O8 powder, used for porous sample fabrication, is prepared by heating UO2+į in air during 3 hours at 
1073 K [9].  
UO2+į powder exhibits high purity and an oxygen over-stoichiometry. Its morphology, assessed by SEM 
(Scanning Electron Microscopy) observations (Figure 1a), is composed of spherical agglomerates of submicronic 
particles. Laser granulometry analyses (Figure 2) and specific surface measurements were also carried out and 
revealed the high sinterability and reactivity of this powder. Indeed, UO2+į powder is mostly composed of small 
particles, d50 and d90 relative granulometric factors being respectively equal to 0.71(4) and 7.2(4) μm (Figure 2) 
and exhibits a specific area value of 5.6(1) m².g-1. This powder appears suitable for solid solution synthesis 
through a solid-state reaction. 
 
Figure 1: SEM micrographs of as-received (a) UO2+į and (b) AmO2-į powders. 
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The AmO2-į powder batch contains several impurities. Some of them, such as Si or Na, could influence the 
solid solution formation or the course of sintering [10,11], but however, after a heat treatment at 1273 K, AmO2-į 
powder loses about 5% of its mass. Hence, the impurities amounts and their influences on synthesis and sintering 
will be very limited. As for UO2+į, AmO2-į powder is composed of spherical agglomerates of submicronic 
particles (Figure 1b), but the AmO2-į agglomerates appear to be about 10 times larger than the UO2+į ones, as 
confirmed by laser granulometry measurements (Figure 2; d50 = 7.5(4) and d90 = 45(2) μm). As a consequence, in 
order to increase this powder reactivity, preliminary milling steps have to be performed before the preparation of 
the pellets. 
 
 
Figure 2: UO2+G and AmO2-G precursor powder particle size frequency and cumulative distributions obtained  
by laser granulometry (recorded before any milling). 
2.2. Dense pellets fabrication 
The UMACS process [4,8] was applied for U1-xAmxO2±į dense disc fabrication. This process is based on the 
decoupling of the two competitive phenomena: solid solution formation and densification.  
 
UO2+į and AmO2-į powders are first milled together in stainless steel jars for 30 min at 15 Hz using an 
oscillating ball-miller as a way to increase AmO2-į reactivity and the intimacy between the two powders. 
Additional UO2+į powder is then added to reach the desired ratio x and this second mix undergoes a new 
30 min / 15 Hz milling treatment. The obtained powder mixture is then uniaxially pressed at 450 MPa into three 
part matrix dies specially developed to avoid geometrical defects in green pellets. A first thermal treatment is 
carried out in a high-temperature all-tungsten furnace at 1873 K for 4 h (heating and cooling rate of 3 K.min-1) 
under a mixture of 25% of Ar/H2(4%) and 75% of Ar/O2 (100 ppm) in order to avoid any Am reduction or 
sublimation. This step leads to the achievement of the U1-xAmxO2±į solid solution, yet also to an incompletely 
sintered pellet.  
 
Thus, as-obtained pellets are ground using the same ball-miller for 3 hours at 15 Hz to ensure the achievement 
of a highly reactive powder. In the case of U0.85Am0.15O2±į fabrication, as-obtained powder was analyzed by laser 
granulometry, and relative granulometric factors d50 and d90 (4.0(2) and 24(1) μm respectively) were found to be 
representative of a relatively reactive powder for sintering. U1-xAmxO2±į powder is then employed to form new 
green pellets also using three part matrix dies system. Dimensions of these dies were adjusted to obtain final 
pellets with the required diameter (4.5±0.2 mm). To realize the sintering step, the green pellets underwent a 
second heat treatment, which was realized under Ar/H2 (4%) gas mixture with a 4 h plateau at 2023 K (heating 
and cooling rate of 3 K.min-1).  
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2.3. Porous pellets fabrication 
The fabrication of U1-xAmxO2±į porous pellets was performed following a similar protocol to that used in the 
frame of the MARIOS program [3] and the employed equipments (oscillating ball-miller, dies, furnace, etc.) are 
exactly the same than those previously mentioned (in this latter publication [3] or in the previous description of 
dense sample fabrication). 
 
Two powder blends are prepared. On one hand, a U3O8/AmO2 blend is compacted with a pressure of about 
600 MPa. As-obtained compact is crushed and a sieving is realized to select agglomerates ranging between 100 
and 250 μm, in order to obtain a powder constituted of large and stable agglomerates. On the other, a blend of 
UO2 and AmO2-į fine powders is produced by milling. The two blends are gathered through a soft milling step 
(10 Hz, 20 min) then pelletized under a lower pressure (about 450 MPa) as a way to elaborate green pellets 
although maintaining the integrity of U3O8/AmO2-į agglomerates. 
 
The sintering is then performed under the exact same conditions than those used for dense pellets preparation 
(Ar/H2 (4%) gas mixture, 4 h 2023 K plateau, heating and cooling rate of 3 K.min-1). From about 800 K in this 
reductive atmosphere, U3O8 get reduced [12]. This reduction is accompanied by the release of gaseous H2O 
which will create an important porosity network during its evacuation and also by an important volume reduction 
of the initial U3O8 grains since UO2 is about 24% denser than U3O8 (10.97 and 8.38 g.cm-3 respectively [13]). 
These two phenomena lead to a partial “isolation” of the initial U3O8/AmO2-į agglomerates. Hence, when the 
sintering begins, only few necks are created between these agglomerates and the pellet bulk. Moreover, as the 
initial pressing step ensures a higher cohesion of the agglomerates, their integrity tends to be maintained, so they 
preferentially shrink over themselves. Such behavior, often referred as the blackberry effect [14-16], leads to the 
stabilization around the initial U3O8/AmO2-į agglomerates of large porosity networks, as it will be further 
evidenced through microscopy observations. 
3. Discs characterization 
After sintering, both dense and porous pellets are cut into two 1.6 mm height discs by a diamond saw. The 
resulting discs, ground to 1.50(5) mm height, were characterized to control the full respect of DIAMINO 
requirements.  
3.1. Impurities 
The concentrations of several cations impurities, required for neutronic considerations, were determined by 
ICP-AES and are reported in Table 1. All impurities were found to be below the DIAMINO specifications. 
 
Table 1: Summary of U1-xAmxO2±į discs impurities (ppm). 
Element(s) Dense 
U0.85Am0.15O2±G 
Dense 
U0.925Am0.075O2±G 
Porous 
U0.85Am0.15O2±G 
Porous 
U0.925Am0.075O2±G 
DIAMINO 
specifications 
Fe+Cr+Mo+Mn+Al < 400 < 850 < 1265 < 1090 < 1500 
Cd+Ni < 27 < 18 < 21 < 21 < 300 
Cu+Zn < 16 < 22 < 24 < 31 < 200 
Hf < 5,6 < 5 < 5 < 5 < 100 
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3.2. XRD
XRD patterns were recorded on powdered samples (Figure 3). The characteristic patterns of a single fluorite 
phase are observed for each set of discs. Moreover, the peaks have symmetrical shapes (Figure 3 insert), thus 
confirming the achievement of U0.925Am0.075O2±į and U0.85Am0.15O2±į solid solutions. The lattice parameters were 
determined by Rietveld refinement and are coherent with those previously reported for such solid solutions [6]. 
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Figure 3: XRD patterns of dense and porous U0.85Am0.15O2±G and U0.925Am0.075O2±G samples. ×: Am2O3; T: UO2.16;  : AmO2 theoretical 
positions. The stars (*) denote the gold powder reference. 
 
3.3. Oxygen stoichiometry and valence state of cations 
The O/M ratio (in other words the value of 2±G in U1-xAmxO2±į) and the valence states of U and Am, are 
characteristics of great interest since they are expected to highly influence the material properties of interest 
during irradiation (thermal conductivity, interactions with the cladding materials). These characteristics were 
previously estimated by Prieur et al. [17] from a XAS study of U0.85Am0.15O2±į samples prepared in several 
atmospheres with different oxygen potentials. It appears that for similar atmospheric conditions to that used for 
DIAMINO fabrication, Am is only present at the trivalent state (Am+III) while U4+ is partly oxidized to U+V 
compensating for the charge defect brought by the americium cations. As a consequence, the O/M ratio should be 
very close to 2. 
3.4. Geometric characteristics and thermal stability 
One pellet of each batch has been submitted to a second thermal cycle identical to that used for sintering to 
assess their thermal stability. Neither dedensification nor shrinkage of greater than 1% was measured, thus 
ensuring the microstructural stability of the ceramics during irradiation in OSIRIS.  
 
Each produced disc was inspected to check the absence of macroscopic defects. A laser micrometer was used 
in order to measure the diameter profile and thus check the cylindrical shapes of both pellets and discs, while an 
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electronic caliper was employed for height measurements. The average values of disc dimensions are 
summarized in Table 2, along with calculated relative densities. Dense pellets get densities over 95%TD, while 
porous ones are below 85%TD. All these characteristics are well over the DIAMINO requirements (also reported 
in Table 2).  
 
Table 2: Average dimensions, relative densities and unit cell parameters of DIAMINO discs. 
Sample Identity diameter (mm) 
thickness 
(mm) 
Relative density 
(% TD) 
Open porosity  
(volume %) 
Unit cell 
parameter (Å) 
Dense U0.85Am0.15O2±G 4.44 1.56 95.7  < detection limit 5.468(1) 
Dense U0.925Am0.075O2±G 4.44 1.53 96.6 < detection limit 5.469(1) 
Porous U0.85Am0.15O2±G 4.57 1.55 81.8 13(2) 5.473(1) 
Porous U0.925Am0.075O2±G 4.56 1.52 84.6 11(2) 5.472(1) 
DIAMINO specifications 4.5 ± 0.2 1.5 ± 0.1 Dense : > 93 Porous :  89.5 
Dense : < 3 
Porous : > 8 - 
 
3.5. Microstructure assessments 
The discs microstructures were observed by optical microscopy (Figure 4) and by SEM (Figure 5). 
U0.925Am0.075O2±G and U0.85Am0.15O2±G compounds produced with the same fabrication process were found to have 
similar microstructures. Conversely, dense and porous samples are, as expected, quite different.  
 
Figure 4: Optical micrographs of a porous U0.925Am0.075O2±G disc polished surface. 
From SEM observations of dense samples (Figure 5a and b), only few cylindrical pores < 1 μm are observed, 
mainly on grain boundaries. Hence, the open porosity volume is expected to be very low which explains why it 
was not detectable by hydrostatic weight measurements. On SEM micrographs, it can also be noted that grain 
growth has occurred (grain size ranges from 3 to 15 μm) and that the grains are all well-faceted (polyhedral 
shapes). These observations all indicate that the last stage of sintering has been reached [18-23]. The pellet 
cohesion is thus ensured.  
In tailored-open porosity samples, large and elongated-shaped pores up to 60 μm width are observed almost 
exclusively along grain boundaries of former U0O8/AmO2-į agglomerates (Figure 4 and Figure 5c). These pores 
also appear to be interconnected (Figure 4) and constitute wide open porosity networks. As a consequence, less 
than one third of the porosity volume is closed (determined from hydrostatic weight measurements). Hence, more 
than 11% of the porous discs volume is an open porosity network, far above the DIAMINO requirements (> 8%). 
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SEM observations notwithstanding shows that the grains are well-faceted (Figure 5d) and that grain growth has 
been achieved (grain size from 5 to 20 μm). It indicates that, as for dense samples, the ultimate stage of sintering 
has been reached [18-22]. In spite of the large porosity networks, the pellets are thus well-consolidated. 
 
 
Figure 5: SEM micrographs of DIAMINO discs fractured faces. 
4. Conclusion 
Highly dense or tailored-open porosity U1-xAmxO2±G discs (with x = 0.075 or 0.15) were successfully 
fabricated in ATALANTE facility by the LEMA (Laboratory of Studies of Actinides-based Materials) in the 
framework of the French DIAMINO analytical irradiation program.  
 
Particularly, a brand-new process, UMACS, was applied to achieve by solid-state reactions pellets with almost 
no open porosity and with densities over 95%TD [4,8]. 
 
All sets of pellets were then cut into discs which were further characterized by several techniques. These latter 
all ensure the conformity of the discs with regards to DIAMINO requirements. At present, the discs are ready to 
be sealed into analytical pins and will soon be irradiated in OSIRIS reactor.  
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